Although water has been extensively studied, not all of its unique properties have been fully understood. There is still controversy about the temperature at which hydrogen bonds are broken or weakened, producing the anomalous temperature dependence of many water properties. Different temperatures between 23 and 48°C have been reported, but no study has scrutinized the reasons for this discrepancy. We suggest the determining role of pH in the alteration of the water anomaly temperature. We employed a luminescent europium trisbipyridine cryptate, which is highly sensitive to changes in the arrangement of water molecules and whose luminescence intensity and lifetime are not significantly influenced by variations over a broad pH range. Our results revealed an increase of the crossover temperature from circa 35°C at pH 3.5 to circa 45°C at pH 7 to 9, which explains the discrepancies of previous studies. The pH dependence of water anomaly temperature is an important property for a better understanding of water and water-based systems and applications.
Introduction
Water is the basis of life on the earth and arguably the most studied liquid. At the same time, it is a complex system with many mysteries to be deciphered [1] . The unexpected variations in the arrangement of water molecules with temperature, known as anomalies, are responsible for both supporting and threatening life. For instance, the anomalous variation of water density with temperature, with a maximum value at 4°C (usually liquids show decreasing density with increasing temperature), is responsible for both life in frozen lakes (as ice floats over cold water) and the erosion caused by the cracking of rocks when the moisture freezes (from 4°C to freezing point water expands). Analogously, there are other less known anomalies in the arrangement of water molecules at different temperatures [1] [2] [3] [4] . In this work, we exclusively focus on the study of a recently discovered anomaly in the temperature ABC Highlights: authored by Rising Stars and Top Experts.
Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00216-019-02215-0) contains supplementary material, which is available to authorized users. dependence of the properties of water appearing usually at around 45°C. The origin of this anomaly lies in the temperature dependence of the dipolar moment of water. This anomaly causes the weakening or breaking of hydrogen bonds above the anomaly temperature [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . It accounts for the anomalous temperature dependence of some water properties, which remained unexplained for years [12] [13] [14] [15] [16] [17] . Moreover, this anomaly has significant consequences for biology, as it is related to the denaturation of proteins with increasing temperature [18, 19] . Although its effects on some systems have been described, there is still much to understand about this anomalous behavior of water. In fact, there is disagreement on the exact temperature of the anomaly, as reported results range from 23 to 48°C [1, 7, 8, [20] [21] [22] [23] [24] [25] . In a recent study, we proposed a correlation between the temperature at which this anomaly takes place and the pH of water, but without experimental evidence [8] . Other publication has suggested the possible pH dependence of the hydrogen bonding between bases and their conjugated acids [26] . A promising experimental approach to confirm this dependence would be to exploit the influence of water on a suitable luminescent probe [7, 8, 18, 27] . However, finding a luminescent sensor at the molecular scale with unaltered photophysical properties upon broad changes of pH is highly challenging.
Luminescent lanthanide cryptates can stand a large range of acidic pH without perturbation of their photophysical properties [28] . These complexes are supramolecular organic structures formed by a luminescent lanthanide ion located within the cavity of a macropolycylic ligand, such that the lanthanide ion is isolated and protected from undesired perturbations at some degree [29] . In this luminescent compound, the very low absorption cross section of lanthanide ions is surmounted by the so-called antenna effect. A light-absorbing ligand structure in the cryptate structure collects the excitation energy and transfers it intramolecularly with high efficiency to the emitting lanthanide ion [30, 31] . A well-characterized and stable lanthanide cryptate that has been used in many applications, such as biological assays, is europium trisbipyridine (Eu-TBP) [29, [32] [33] [34] [35] [36] [37] [38] . In this cryptate, three bipyridine ligands act as antennas enhancing the sensitization of the Eu 3+ ion. Due to the fact that the first coordination sphere of the Eu 3+ ions is not fully saturated by the cryptate ligands, it is still accessible by water molecules (around 1.5-2.5 water molecules as estimated by the Horrocks equation) [39, 40] . Therefore, the overtones of OH vibrations in water molecules, among other processes, can quench the luminescence of Eu 3+ ions, which limits the biological applications of Eu-TBP [37, [41] [42] [43] . Because water molecules in the first coordination sphere of Eu 3+ ions are not isolated from the water molecules in dispersion, they may be exploited to study the anomaly in the arrangement of water molecules. For that purpose, we monitored Eu-TBP photoluminescence (PL) changes with temperature for different pH values. This experimental method stands out due to its simplicity (cf. experimental methods) and the straightforward interpretation of the results. Other techniques, such as X-ray and neutron scattering and X-ray spectroscopy, typically employed in the study of confined water local structure at low temperatures, are not adequate in the temperature range of the anomaly under study in this work due to the distortion of the structure of water with the increase of temperature [44] . Here, we provide an experimental evidence of the effect of pH on the temperature of the anomalous phase change in the arrangement of water molecules by using a luminescent probe for a broad range of pH. The stability of the Eu-TBP cryptate over a large range of pH and the sensitivity of Eu 3+ ions to alterations in their environment make it an ideal probe for observing variations in the temperature of breaking of hydrogen bonds between water molecules and the influence of pH on this process. Our results suggest that the different values for the temperature of this anomaly reported in the literature were not caused by the variation of the investigated systems or procedures, but by the pH dependence of the temperature of this anomaly.
Experimental methods
Eu-TBPC was provided from Cisbio Bioassays. Eu-TBPC was dispersed at a concentration of 400 nM in Tris buffer (50 mM) of diverse pH (adjusted by small amounts of HCl or NaOH solutions). Tris buffers were prepared using Milli-Q distilled water and Trizma base or Trizma hydrochloride (Sigma). The ionic strength did not significantly change over the assessed pH range and the temperature dependence of the pH value of Tris buffer is negligible compared with the variations observed in this work. Notably, the ionic strength of the solution is significantly changed by the presence of 1.2 M KF, which may influence the equilibria in the sample and even the water structure. However, the main point of these control experiments was to show that the PL lifetime of the Eu-TBPC itself (without water molecules in the close environment of Eu 3+ ions, which were replaced by Fions) depends linearly on temperature and that the bilinear behavior (with water molecules-without KF) was caused by water molecules. The influence of the increased ionic strength should be negligible for this control.
pH was measured at 20°C using a pH meter (SevenMulti TM , Mettler Toledo). PL measurements were performed in a fluorescence spectrometer (Xenius, Safas Monaco) under excitation at 320 nm by a Xenon lamp or a Xenon flash lamp. Quartz cuvettes (Suprasil, Safas Monaco) containing the solutions were placed in the Safas temperature control cuvette holders, heated by a heating circulator (200F, Julabo). Temperatures inside the cuvettes were measured by a thermocouple and a stabilization time of at least 10 min before the measurements were applied.
Results and discussion
To investigate the water anomaly by PL, we employed a derivative of Eu-TBP bearing five carboxylate substituents (Eu-TBPC) (see Fig. 1 ). As reported by Guillaumont et al. [45] , the added carboxylic groups shift the maximum of the absorption band to longer wavelengths (320 nm) compared with Eu-TBP (~305 nm) (see PL excitation spectrum of Eu-TBPC in Fig.  S1 in the Electronic Supplementary Material, ESM). This red shift allows the excitation of Eu-TBPC by means of conventional light sources [46] . Eu-TBPC PL emission spectra show the typical emission bands arising from the 5 D 0 → 7 F transition of Eu 3+ ions (Fig. 2a ). As expected from the efficient protection of the Eu 3+ ions by the cryptate structure, the shape of the PL spectrum did not significantly change with temperature in the studied range from 18 to 60°C. The PL decay from the 5 D 0 energy level of Eu 3+ ions is monoexponential with a PL decay time of 352 ± 4 μs (at room temperature and pH = 5.3) ( Fig. 2b) , as expected [45] .
For lanthanide ions in aqueous solution, the PL decay time should decrease linearly with temperature in the studied temperature range, mainly due to increased quenching by the vibrations of water molecules [47] [48] [49] . However, Figs. 2 c, d, and e (and ESM Fig. S2i -p for the whole pH range investigated) show a bilinear behavior of the Eu-TBPC PL decay time variation with temperature. At the most acidic pH values, we found a transition range between both linear regimes, which we assigned to a stronger affection of the Eu-TBPC Chemical structure of Eu 3+ trisbipyridine cryptate bearing multiple carboxylate substituents (Eu-TBPC). Two water molecules are explicitly represented inside the cavity together with the Eu 3+ ion by pH at low pH values (vide infra). For pH values higher than 5, a perfect bilinear temperature dependence of Eu-TBPC PL decay time was observed. The bilinear behavior of the temperature dependence of luminescence in this range is typical for systems dispersed in water. It is attributed to the water anomaly, which can cause a slight change in the environment of the Eu 3+ ions (due to the effect of hydrogen bond weakening, which also affects the first coordination sphere) and thus slightly alter the non-radiative emission probabilities [7, 8] . The coordination number of Eu 3+ can vary for the ion in aqueous solution [50] . We have previously found that the average coordination number of Eu 3+ in aqueous solution varies with temperature and that the anomaly of water facilitates that increase of coordination from 8 to 9 [8] . However, this phenomenon cannot explain the pH dependence of the crossover temperature demonstrated in this study. Another temperaturedependent effect may be energy back transfer from the Eu 3+ excited state to the triplet state of the ligand, which can increase with temperature because of the energy gap law [51] . However, the photophysics of the TBPC ligand were not sufficiently influenced by temperature (see Fig. 3 ) or pH (see ESM Fig. S4 ) to provide significant variation of energy back transfer.
To confirm the determinant role of water in the anomalous variation of Eu-TBPC PL decay time with temperature, we replaced water molecules in the first coordination sphere of Eu 3+ ions with F − ions, through the addition of KF at high concentration in the aqueous solution [41] . Figure S3 (see ESM) shows the dependence of the spectroscopic properties of Eu-TBPC on KF concentration. Both PL decay times (~3.6-fold increase from no KF to KF concentrations above 0.6 M) and PL emission spectra (both intensities and spectral positions of the peaks) significantly change with the replacement of water molecules by fluoride ions. At full replacement of water molecules by F − (1.2 M KF), both emission spectra and decay times of Eu-TBPC are barely affected by a temperature variation between 21 and 59°C (see Fig. 3 ). This is due to the reduced quenching by the vibration of water molecules and also to the fact that the substitution of water molecules by F − ions shifts the ligand-to-metal charge-transfer bands of Eu-TBPC to higher energies, thereby preventing non-radiative de-excitation pathways which increase the temperature dependence of the PL decay time [49, 52, 53] . The variation of the Eu-TBPC PL decay time with temperature ( Fig. 3c ) clearly shows the expected linear temperature dependence. This control experiment without water molecules inside the first coordination sphere of Eu-TBPC unequivocally confirms that the bilinear temperature dependence of Eu-TBPC PL decay times on temperature was caused by water molecules and most probably by the anomaly in the arrangement of water molecules.
To demonstrate that the pH dependence of the results for the crossover temperature ( Fig. 2 and ESM Fig. S2 ) is intrinsic of the anomaly and it is not caused by the luminescent probe itself, we investigated the stability PL of Eu-TBPC in water within a pH range from 2.8 to 8.8 (ESM Fig. S4 ). Both PL decay times and emission spectra of Eu-TBPC at room temperature were unaltered in the range of pH values from 4.0 to 7.2 (see ESM Fig. S4 ). For pH < 4, the emission spectra showed slight changes, whereas only a very minor decrease was found for the PL decay times. At these lower pH values, the carboxylic groups are more efficiently protonated, inducing a slight change in the local environment, which would explain the subtle changes in the emission spectra. For pH > 7.2, the effects on both PL emission spectra and decay times are stronger, which we ascribed to the possible substitution of some water molecules in the first coordination sphere of Eu 3+ ions by hydroxide groups. Although pH values below 4 and above 7.2 were not in the focus of our study, the changes for these more extreme pH values were still relatively moderate (compared with other lanthanide complexes) with a ca. 25% decrease in PL decay time (ESM Fig. S4b ) and minor alterations in the spectral shape (ESM Fig. S4c ).
To confirm that the pH dependence of the temperature of the anomaly in the arrangement of water molecules is a universal phenomenon, we compared our results ( Fig. 2 and ESM  Fig. S2 ) to those found in the literature (which were analyzed following the same fitting procedure employed in this work to obtain the crossover temperature; see Fig. 4 ). These studies investigated or observed the anomaly in the arrangement of water molecules through its effect on diverse properties of water or on the photophysical properties of the probes that were immersed in water and reported pH values of the employed water at 20°C ranging from 3.5 to 12.5 [6] [7] [8] [20] [21] [22] [23] [24] [25] . Although this collection of data from different independent sources (that used diverse methods and probes) leads to a certain dispersion of the anomaly temperature values even for very similar pH values, it also shows a clear trend of increasing crossover temperature values with increasing pH up to 7. For pH > 7, the crossover temperature remains approximately constant (~45°C). The comparison of this collection of data with our results (see Fig. 4 ), which were obtained by using the same luminescent probe under the same experimental conditions for the entire pH range, reveals four main conclusions: the very good agreement of the trends of pH dependence provides good evidence of (i) the increase of the anomaly temperature with increasing pH for pH < 7 and an approximately constant value of anomaly temperature (~45°C ) for pH > 7, it shows (ii) the universal character of this pH dependence of the temperature of the anomaly in the molecular arrangement of water, and it provides (iii) an explanation of the discrepancies between the studies in the literature, which were probably mainly caused by different pH values, and not only by diverse experimental conditions. (iv) The less steep increase of the anomaly temperature for our data for pH < 7 demonstrates the importance of measuring crossover temperature pH dependence by keeping all other experimental and environmental conditions unchanged, because differences in these conditions may lead to additional deviations (as seen for the literature values that were acquired independently under different conditions).
Although our results showed the pH dependence of the water anomaly temperature under the employed experimental conditions (50 mM Tris buffer and pH adjustment by HCl or NaOH), water-based and biological systems can be significantly more complicated. Investigating the phenomenon in other buffers and using different acids and bases for pH adjustment would therefore be very interesting for future investigations and to confirm the general applicability of the pH dependence of the water anomaly temperature.
Conclusions
In conclusion, we have systematically investigated the correlation of water anomaly temperature with pH. The first experimental demonstration of this correlation, using Eu-TBPC as luminescent probe under constant experimental and environmental conditions for a pH range from 3.5 to 8.8, can clarify the discrepancy in the temperatures reported in the literature for this water anomaly. Our PL decay time results have identified water pH as the parameter defining the anomaly temperature, which suggests that the presence of H + ions in water (acidity) weakens the hydrogen bonds between water molecules, easing their breaking at lower temperatures. These findings present an important contribution to a complete understanding of water and its anomalies. Moreover, they may serve as a benchmark study to explain so far unexpected or misinterpreted phenomena in biological studies. Fig. 4 Anomaly temperature determined by Eu-TBPC PL decay times at different pH values (red) and for different parameters affected by water anomaly reported in the literature (grey, data from references [6] [7] [8] and [15] [16] [17] [18] [19] [20] ) at different pH values. The grey shadowed zone and the black dashed line are guides to the eye
